Introduction
The genome of the insect baculovirus Autographa californica multiple nucleocapsid nuclear polyhedrosis virus (AcMNPV) consists of approximately 130 kbp of covalently closed circular DNA (Smith & Summers, 1978; Miller & Dawes, 1979; Liibbert et al., 1981; Cochran et al., 1982) . This is packaged into rod-shaped nucleocapsids which are subsequently enclosed within lipoprotein envelopes to form virus particles (see Kelly, 1985) . These are further packaged within crystalline matrices consisting largely of a single 28K protein (polyhedrin) to form the polyhedra.
Virus replication is accompanied by four phases of gene expression in infected cells (Kelly & Lescott, 1981) , which begin with the expression of immediate early genes in the absence of de novo viral protein synthesis. Thereafter, delayed early genes are expressed, a process dependent on the prior syntheses of the immediate early gene products and accompanied by the onset of virus DNA synthesis. The late phase of gene expression begins at about 10 h post-infection (p.i.) and is coincident with the budding of non-occluded virus particles from the plasma membrane of the cell. Finally there is a very late phase, initiated at about 15 h p.i., when copious amounts of polyhedrin and pl0 proteins are produced and virus 0000-9029 © 1990 SGM particles are occluded into polyhedra within the nucleus.
An immediate early gene (IE-1) has been described which trans-activates the expression of a delayed early/late gene (39K) (Guarino & Summers, 1986a) ; another immediate early gene, designated IE-N, augments this trans-activation (Carson et al., 1988) . Regions of homologous DNA in the AcMNPV genome have been shown to act as transcriptional enhancers for delayed early and late gene expression (Guarino & Summers, 1986b , 1988 Guarino et al., 1986) . Transactivation of late genes has also been described . However, as yet, little is known about the mechanisms involved in the transition from late to very late transcription. Late phases of transcription are thought to be mediated by a virus-induced ~-amanitinresistant RNA polymerase (Fuchs et al., 1983) . It is possible that different forms of such an enzyme complex could have some role in phase switching. The genome organization and pattern of transcripts produced that are peculiar to AcMNPV may also be important in these processes. For example, different temporal patterns of overlapping mRNAs have been observed and sets of transcripts with common 3' termini or common 5" termini have been mapped (Liibbert & Doerfler, 1984; Friesen & Miller, 1985; Mainprize et al., 1986; Rankin et al., 1986; Oellig et al., 1987) . It has been suggested that this type of genome organization could help to co-ordinate temporal expression via interference between adjacent gene promoters (Friesen & Miller, 1985) .
The polyhedrin gene promoter of AcMNPV has been studied because of its utility as an expression system to synthesize large quantities of foreign gene products in insect cells (reviewed by Luckow & Summers, 1988; Miller, 1988) . The promoter has been defined as a 69 nucleotide region extending upstream from the ATG of the coding sequences (Matsuura et al., 1987; Possee & Howard, 1987; Rankin et al., 1988) . Friesen & Miller (1985) identified two extra transcripts of 3.39 kb and 4.9 kb, which have a 5' end in common with that of the major polyhedrin mRNA (1-28 kb). Mainprize et al. (1986) also mapped several transcripts to a position about 1000 nucleotides upstream from the polyhedrin gene using a 650 nucleotide cDNA clone as a probe. However, since the published sequence information extends only 200 nucleotides upstream from the polyhedrin coding region the fine details of transcript organization remain undefined.
In this study we sequenced a region of the AcMNPV genome extending about 2000 nucleotides upstream from the polyhedrin gene to investigate the relationship between neighbouring transcription units and polyhedrin expression. A 603 nucleotide open reading frame (ORF) was identified on the opposite strand of DNA to the polyhedrin gene. A late mRNA species was identified in virus-infected cells and the 5' end of this transcript mapped using nuclease S1 analysis. The functional significance of the putative gene product was investigated by deletion mutagenesis.
Methods
Viruses and cells. AcMNPV C6 (Possee, 1986) was propagated in Spodopterafrugiperda cells (IPLB-Sf-21AE) (Vaughn et al., 1977) . Virus stocks were titrated as described by Brown & Faulkner (1977) , except for viruses expressing the fl-galactosidase gene (Possee & Howard, 1987) .
Sequence analysis of the 5" flanking region of polyhedrin. The AcMNPV 7.3 kbp EcoRI fragment I was inserted into a modified pUC8 vector to produce pUC8/6/8 (Possee, 1986) . This plasmid was digested with XhoI or EcoRV (Fig. la) and then Bal 31 exonuclease (Maniatis, 1982) to produce a series of deletion mutants. These were treated with S1 nuclease, dephosphorylated and ligated with XhoI linkers [5'pd(CCTCGAGG) (Maxam & Gilbert, 1980) .
Extraction of RNA from cells. S. frugiperda cells were infected with
AcMNPV (10 p.f.u./cell) and RNA was extracted using the guanidinium isothiocyanate-hot phenol method (Maniatis et al., 1982) . Cells treated with cycloheximide were preincubated with medium containing the drug at 100 Ixg/ml at 28 °C for 1 h prior to infection and thereafter. Polyadenylated [poly(A) ÷] RNA was prepared using oligo(dT)-cellulose (Aviv & Leder, 1972) .
Northern blot analysis. Polyadenylated RNA was prepared from l07 AcMNPV-infected or uninfected S. frugiperda cells, denatured with methylmercuric hydroxide (Bailey & Davidson, 1976) and fractionated in 0-8% agarose gels before transfer to Hybond-N membranes (Amersham). The filters were hybridized with strand-specific [32p]UTP-labelled RNA probes transcribed from subclones of the AcMNPV EcoRI fragment I in pSPT18 or pSPT19 vectors (Pharmacia) using T7 RNA polymerase. A probe specific for the polyhedrin RNA was produced by inserting the EcoRV-BamHI fragment (nucleotides 2095 to 2358; Fig. lb $1 nuclease analysis. S 1 nuclease protection analyses were performed as described by Weaver & Weissmann (1979) . Total RNA (50 to 100 ~g) from infected or uninfected cells was hybridized with 20000 c.p.m. of a 5' end-labelled probe (polynucleotide kinase and [),-32p]ATP) before treatment with 300 units of S1 nuclease. The first probe used to map the 5' end of ORF 603 mRNA consisted of a MluI-BamHI fragment spanning the ORF 603 and polyhedrin genes and radiolabelled at the MluI site (nucleotides 1483 to 2358; Fig. lb) , hybridization was then carried out at 42 °C for 18 h. The second probe was prepared from a Sau3AI-HhaI fragment (1839 to 2285; Fig. 1 b) radiolabelled at the Sau3AI site and hybridization was carried out at 46 °C for 18 h. The probe used to map the 5' end of the mRNA produced by the ORF 603 promoter in Ac. CAT. lacZ consisted of an EcoR1-Asp718 fragment spanning the chloramphenicol acetyltransferase (CAT) and lacZ genes, radiolabelled at the EcoRI site, and hybridization was carried out at 45 °C for 18 h. The protected DNA fragments were analysed in 3.5 ~ or 4% polyacrylamide gels containing 8 M-urea, using a radiolabelled restriction enzyme digest of pAT153, or a sequencing ladder prepared by performing chemical sequencing on a BamHI-Sau3AI fragment (nucleotides 1839 to 2187; Fig. 1 b) from pAcRP23 (Possee & Howard, 1987) , as Mr standards.
Construction of AcMNPV transfer vectors
(i) pAcRP23.1acZA603. Plasmid pUC8/6/8 was digested with BamHI (nucleotide 2358; Fig. 1 b) , treated sequentially with Bal 31 exonuclease and the Klenow fragment of E. coli DNA polymerase before ligation with BgllI linkers. A deletion (A) mutant was selected (pAcAORF603) with 177 nucleotides removed from the 5' end of ORF 603. A 1-9 kbp fragment (AORF603) was excised from pAcAORF603 with XhoI and Bglll and used to replace the full-length 2.1 kbp Xhol BgllI fragment in the transfer vector pAcRP23+8.lacZ (Possee & Howard, 1987) . The resulting plasmid was designated pAcRP23, lacZA603 and essentially consisted of a transfer vector with the E. coli lacZ gene in lieu of polyhedrin and a deletion in ORF 603.
(ii) pAcEI-IA603. A BgllI linker was inserted at the EcoRV site of pAcEI-I to produce pAcEI-I + 8. The 2.1 kbp XhoI-Bglll fragment of pAcEI-I + 8 was replaced by the 1.9 kbp XhoI BgllI fragment from pAcAORF603, thus producing pAcEI-IA603. The steps involved in these constructions are outlined in Fig. 4. (iii) pAc. CAT. lacZ. This was produced by inserting a CAT gene cassette at the BgllI site of pAcRP23.tacZA603 (see Fig. 8 ). TC ATT TTC AAATGATTC A CAGTTAATTTGCGACAATATAATTTT  1450  1460  1470  1480  1490  1500  1510  1520  1530  1540  1550 1560 TTTTCACATAAACTAGACGC CTTGTCGTCTTCTTCTTCGTATTCC TTC TCT TTT TC A'r r TTTC TCCTC A TAAAAATTAACATAGTTATTATCGTATCCATATATGTATCTATCGTAT  A G  1570  1580  1590  1600  1610  1620  1630  1640  1650  1660  1670 1680 
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Transfection and screening for recombinant virus. S. frugiperda cells
were cotransfected with infectious virus DNA (Possee, 1986) and plasmid DNA as previously described (Smith et al., 1983a) . Recombinants were derived. AcRP23. laeZA603 was produced in cotransfeetions using AcMNPV DNA and pAcRP23, laeZA603; plaques staining blue after incubation with X-Gal and lacking polyhedra were isolated. AcEI-IA603 was constructed in cotransfections with AcR-P23. lacZA603 DNA and pAcEI-IA603; plaques containing polyhedra and lacking fl-galactosidase activity were picked. Ac. CAT. lacZ was derived in cotransfections using AcMNPV DNA with pAc. CAT. lacZ and selecting for blue plaques. All viruses were retitrated five times to homogeneity.
fl-galactosidase and CA Tassays. These were carried out as described by Weyer & Possee (1988) .
Agarose gel electrophoresis of DNA and Southern blot hybridization.
Virus DNA was analysed using 0.6% agarose gels and Southern blot hybridization as described previously (Possee & Kelly, 1988) . The vector pAcPCAT was nick-translated (Rigby et al., 1977) for use as a probe. This plasmid was produced by inserting the XhoI-BamHI fragment (2190 nucleotides) of pAcRP23 (Possee & Howard, 1987 ) into a modified pSVOCAT construct (Gorman et al., 1982) containing a BgllI cloning site in lieu of HindlII.
Radiolabelling and analysis of infected cell proteins. S. frugiperda cells (106 per 35 mm diameter dish) were inoculated with virus (10 p.f.u./cell), or mock-infected with TC 100/10 % foetal calf serum (FCS).
After 1 h at 21 °C the inocula were removed, replaced with fresh medium and the cells incubated at 28 °C. Pulse labelling was for 1 h at 28 °C in 1 ml of TC100 (without leucine and bactotryptose broth) containing 5 [tCi [14C]teucine plus 2% dialysed FCS. The ceils were harvested, washed in phosphate-buffered saline, disrupted and analysed in SDS and 12% polyacrylamide gels (Possee & Howard, 1987) . The gels were fixed, then treated with En3Hance (New England Nuclear) before drying and autoradiography.
Bioassay of polyhedra in insect larvae. Polyhedra were purified from AcMNPV-or AcEI-IA603-infected cells at 7 days p.i. Ceils were disrupted with 0.1 ~ SDS, the polyhedra sedimented using low-speed centrifugation and resuspended in Tris-EDTA. Doses of 50, 150 and 450 polyhedra in aqueous suspension (1 lal) were fed to third instar T. ni larvae on a small piece of synthetic diet (Hoffman et al., 1966; Evans et al., 1981) . After the larvae had consumed the diet they were placed on fresh material and maintained at 28 °C until death or pupation. Probit analysis (Finney, 1971 ) was used to calculate the LDs0 values.
Results

Sequencing the 5"flanking region o f the A c M N P V polyhedrin gene
T h e A c M N P V p o l y h e d r i n g e n e is located w i t h i n the 7-3 k b p E c o R I I D N A f r a g m e n t (Vlak et al., 1981 ; A d a n g & Miller, 1982; R o h e l et al., 198 3 ; S m i t h et al., 198 3 b) . T h i s f r a g m e n t is s h o w n in Fig. 1 (a) , w i t h the p o s i t i o n o f the p o l y h e d r i n g e n e a n d the d i r e c t i o n o f t r a n s c r i p t i o n indicated. T h e p l a s m i d p U C 8 / 6 / 8 , c o n t a i n i n g a m o d ified E c o R I I f r a g m e n t (Possee, 1986) , was used to create a series o f d e l e t i o n m u t a n t s f r o m t h e XhoI a n d E c o R V treated with S1 nuclease and the protected fragment was sized against a sequencing ladder from pAcRP23.
sites with Bal 31 exonuclease. The deletions were used to sequence both strands of D N A (Fig. 1 a) . These data, together with the 5' end of the polyhedrin gene (Hooft 
Transcription from O RF 603
In order to detect transcription of O R F 603, poly(A) + R N A was extracted from A c M N P V -i n f e c t e d S. frugiperda cells and analysed using denaturing agarose gels
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ORF 603 X pAcEI-I + 8 and Northern blot hybridization. The radiolabelled RNA probes used were specific for either ORF 603 or polyhedrin and were produced from pSPT18 or -19 vectors (see Methods and Fig. 2 ). The Northern blots (Fig. 2) showed that an ORF 603-specific mRNA (3.7 kb in size) was first detected at 8 h p.i., reached a peak at 12h p.i. and then declined in level until it was undetectable by 24 h p.i. It was not observed in cycloheximide-treated AcMNPV-infected cells. In contrast, the major 1-2 kb transcript specific for the polyhedrin gene was undetectable before 12 h p.i. (data not shown) but abundant at 24 h p.i. Similar hybridization analyses used radiolabelled RNA transcripts from pSPT vectors containing the 381 bp HindlII-Asp718 fragment from the polyhedrin gene (Hooft van Iddekinge et al., 1983) failed to detect the 3.7 kb species (data not shown).
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The transcription start site of the 3.7 kb mRNA was determined using S 1 nuclease protection analysis with a 5' end radiolabelled MluI-BamHI probe of 875 nucleotides (Fig. 3a) where a fragment of approximately 654 or 655 nucleotides was protected (Fig. 3b) . This was not detected when RNA from cells at 24 h p.i. was used, or if the cells had been treated with cycloheximide. The 5' end of the ORF 603 transcript was precisely mapped using a 5' end-radiolabelled Sau3AI HhaI fragment of 444 nucleotides. (Fig. 3 a) . This protected a fragment of 297 or 298 nucleotides, the size of which was determined against a DNA sequencing ladder (Fig. 3c) . This accurately located the transcription initiation site for ORF 603 two to three nucleotides upstream from the polyhedrin mRNA start site, but on the opposite strand of DNA (Fig. 1 b) . The apparent size of the transcript (3.7 kb) extended beyond the DNA sequence reported in 
Functional analysis of ORF 603
The role of O R F 603 in A c M N P V replication was studied by preparing recombinant viruses lacking a functional gene; the construction of these deletion mutants was outlined in Methods and ORF 603 and polyhedrin (lane 3). A larger fragment was also highlighted with this probe due to the simian virus 40 (SV40) sequences at the 3' end of the lacZ gene which hybridized to the homologous SV40 sequences present in the nick-translated pAcPCAT used as a probe (lane 3).
When AcEI-IA603 DNA was digested with XhoI and BglII a 1.86 kbp fragment hybridized to the probe, thus confirming the deletion in ORF 603. The SV40 sequences from the virus AcRP23.lacZA603 were not present, indicating that faithful recombination had taken place between the transfer vector pAcEI-IA603 and the AcRP23.1acZA603 virus DNA. It is also worth noting that the deletion in ORF 603 removed the normal ATG codon of this gene and that there were no alternative ATG codons in the remaining coding sequence. Furthermore, if the two ATG codons in the mRNA leader sequence (nucleotides 2121 and 2097; Fig.  1 b) were utilized by the recombinant viruses, only short peptides of 13 or 21 amino acids would be produced before translation stop codons terminated protein synthesis.
Deletion of the ORF 603 region did not affect virus replication in cell culture, as judged by the production of infectious non-occluded virus. The effect of the deletion on expression from the polyhedrin promoter was investigated by pulse-labeUing cells infected with AcRP23. lacZA603 or AcRP23. lacZ (Possee & Howard, 1987) . The cell extracts were analysed in 12~o polyacrylamide gels and demonstrated that the production of/~-galactosidase protein was not affected by the absence of the 240 nucleotides upstream from the EcoRV site (Fig.  6) . The apparent increase in the amount of/~-galactosidase protein by AcRP23. lacZA603 at 24 h p.i. (Fig. 6,  lane 9) was not confirmed by an enzyme assay of cell extracts (data not shown). The AcRP23.lacZA603 recombinant did not show variation in polypeptides of 25K where the putative ORF 603 gene product would be expected to migrate (Fig. 6) . Similar results were obtained when AcMNPV and AcEI-IA603 (polyhedrapositive) viruses were compared (data not shown).
Biological activity of the ORF 603 gene product
Removal of most of the ORF 603 coding sequences did not affect virus replication in cell culture. However, virus replication in insect larvae might be affected, since the whole animal is a more complex environment. Therefore, the virulence of AcEI-IA603 was compared with that of the wild-type AcMNPV using T. ni larvae as an indicator species. Polyhedra were purified from infected S. frugiperda cells and used in a bioassay to estimate the LD50 of each virus. Insects infected with either virus died between 5 and 7 days p.i. The LDso for each virus was calculated to be 94 polyhedra for AcEI-IA603 and 101 polyhedra for AcMNPV (Fig. 7) .
Foreign gene expression with ORF 603 promoter
The redundancy of ORF 603 suggested that a foreign gene could be inserted in its place under the control of the ORF 603 promoter. Therefore, a CAT gene cassette was inserted in the BgllI site of pAcRP23, lacZA603, in the appropriate orientation, to produce pAc.CAT.lacZ (Fig. 8a) . The recombinant virus Ac. CAT.lacZ was derived and proved to be stable after repeated passage in cell culture. Cells infected with Ac.CAT.lacZ were harvested at different times after infection and extracts assayed for CAT activity; the results are shown in Fig. 9 . Significant levels of CAT, as measured by conversion of chloramphenicol to the acetylated forms, were detected at 10 h p.i., rising to a maximum of 23-7~o at 16 h p.i. Thereafter, the level of enzyme activity remained stable at least until 24 h p.i. In other experiments (data not shown) the levels of fl-galactosidase produced by Ac. CAT. lacZ, AcRP23. lacZA603 and AcRP23. lacZ were similar, demonstrating that the polyhedrin promoter in Ac. CAT. lacZ still functioned normally. To demonstrate that transcription from the ORF 603 promoter in Ac. CAT. lacZ was initiated at the authentic site, mRNA isolated from Ac. CAT. lacZ-infected cells was used in S! protection experiments. Fig. 8(b, c) shows that a protected fragment of approximately 318 nucleotides was produced. This corresponded to the position of the mRNA start site determined for the genuine ORF 603 transcript (Fig. 3) .
Discussion
A portion of the AcMNPV genome approximately 2 kbp upstream from the polyhedrin gene has been sequenced. This region was found to contain a large open reading frame, 603 nucleotides in length and beginning 156 nucleotides upstream from the polyhedrin ATG codon on the opposite strand of DNA. Northern blot analysis of infected cell RNA identified a 3-7 kb polyadenylated RNA transcribed from this region. This RNA was maximally synthesized at 12 h p.i., but was not detected in infected cells at 24 h p.i. Production of this transcript was dependent on the synthesis of earlier virus gene products since it was undetectable in cycloheximidetreated cells. The transcript could correspond to an mRNA species mapped to this region by Mainprize et al. (1986) , which was present in infected cells at 12 h p.i., although apparently maximally transcribed at 24 h p.i. The RNA start site was preliminarily mapped to a position just two or three nucleotides upstream of the polyhedrin mRNA start site (Howard et al., 1986) and thus suggests that the polyhedrin promoter acts in a bidirectional fashion.
Bidirectional transcription in AcMNPV-infected cells has been described previously where a solo long terminal repeat of a retrotransposon (TED) inserted in the genome of the virus was found to direct divergent transcription from a single point (Friesen et al., 1986) . The TED RNAs initiated within a region of partial dyad symmetry. In contrast to this the polyhedrin promoter is not symmetrical. The divergent transcripts from polyhedrin and ORF 603 were produced at different times in infection; ORF 603 transcripts were observed between 8 and 18 h p.i. with a peak at 12 h p.i., coinciding with the activation of transcription of the very late polyhedrin gene, but were not detectable at 24 h p.i. Transcripts from ORF 603 decreased in abundance as the polyhedrin mRNA accumulated. These data suggest that ORF 603 transcription was suppressed as a consequence of activation of polyhedrin transcription. Alternatively, transcription from ORF 603 may depend on protein factors or an RNA polymerase which are depleted late in infection. There is evidence that a novel ~-amanitinresistant RNA polymerase is produced in AcMNPVinfected cells from about 6 h p.i. and that most of the late viral transcription is resistant to this drug (Fuchs et al., 1983) . This enzyme may displace other polymerases from the promoter region and thus afford transcription of polyhedrin instead of ORF 603. Although our data suggest that the polyhedrin promoter may act to direct transcription in both directions, albeit at different times after infection, caution must be exercised here. We have only used nuclease S1 analysis to map the 5' end of the ORF 603-specific transcript and it would be interesting to see whether primer extension analysis gives the same result. Furthermore, the authenticity of our data should be confirmed by using site-directed mutagenesis to modify the 12 nucleotide consensus sequence spanning the transcription start site and thus determining whether synthesis of either transcript is affected. These experiments are in progress.
Virus deletion mutants lacking the 5' end of the ORF 603 still produced normal quantities of polyhedrin or/~-galactosidase proteins at the expected time after infection. Deletion of part of ORF 603 did not affect virus replication in cell culture and the virus titres attained by the deletion mutants matched those of the normal virus. When the infectivity of polyhedra for insect larvae was compared, the LDso values for each virus were very similar. These data suggest that the putative gene product for ORF 603 is not essential for virus replication. However, it is conceivable that the protein may have a role in tissue tropism within the insect larvae. We were unable to observe any difference in intracellular polypeptides produced by the recombinant virus compared with normal AcMNPV; therefore it is not possible to conclude that a protein is synthesized in infected cells. Future studies will have to establish whether a polypeptide is produced by this gene and where it is localized within the infected cells and insect. It is planned to express ORF 603 in a heterologous system, produce antiserum and use this to probe protein blots of infected cells to identify the gene product.
However, the virus deletion mutants lacking a functional ORF 603 did retain a portion of DNA extending 41 nucleotides upstream from the ORF 603 RNA start site. To determine whether this was sufficient to direct the synthesis of RNA the deletions made in ORF 603 were replaced with the CAT gene. This recombinant virus (Ac. CAT. lacZ) was able to synthesize significant amounts of CAT enzyme at the times expected for ORF 603 promoter activity. Furthermore, the polyhedrin promoter remained active, as evidenced by the levels of/~-galactosidase produced. The transcript produced by the ORF 603 promoter was initiated at the expected mRNA start site.
A further consequence of these data is that more information is now available on the sequence requirements for polyhedrin expression. It has been suggested that sequences characteristic of eukaryotic promoter elements in the 5' flanking region of the polyhedrin gene may be important in the regulation of transcription (Hooft van Iddekinge et al., 1983) . A TATA-like element located 24 to 33 nucleotides from the polyhedrin transcription start site was previously shown not to be necessary for polyhedrin transcription (Possee & Howard, 1987) . A CAAT-like sequence (TATCAATAT) between nucleotides 2074 and 2082 and a pair of tandem repeats (CACAAACT) between nucleotides 2044 to 2051 and 2057 to 2064 were also identified ( Fig. 2 ; Hooft van Iddekinge et al., 1983) . Here we have shown that removal of these sequences did not affect expression from the polyhedrin promoter in the recombinant viruses AcEI-IA603 or AcRP23.lacZA603. This confirms that only 69 nucleotides upstream from the polyhedrin gene are apparently required for efficient promoter activity (Matsuura et al., 1987; Possee & Howard, 1987) . It remains to be determined how much of this intergenic region is required to promote ORF 603-specific transcription and whether the proximity of these neighbouring transcription units to each other has any functional role in the temporal regulation of baculovirus gene expression.
We thank Chris Hatton for photographic services. Katy Gearing was supported by a NERC Research Studentship.
